A steel-polymethyl methacrylate (steel-PMMA) beam was fabricated to investigate the vibration properties of a one-dimensional phononic crystal structure. The experimental system included an excitation system, a signal acquisition system, and a data analysis and processing system. When an excitation signal was exerted on one end of the beam, the signals of six response points were collected with acceleration sensors. Subsequent signal analysis showed that the beam was attenuated in certain frequency ranges. The lumped mass method was then used to calculate the bandgap of the phononic crystal beam to analyze the vibration properties of a beam made of two different materials. The finite element method was also employed to simulate the vibration of the phononic crystal beam, and the simulation results were consistent with theoretical calculations. The existence of the bandgap was confirmed experimentally and theoretically, which allows for the potential applications of phononic crystals, including wave guiding and filtering, in integrated structures.
Introduction
Phononic crystals are synthetic materials formed by a periodical variation of acoustic properties. The existence of bandgap in phononic crystals has been confirmed through experiments [1] [2] [3] . It is also known that bandgap can prevent phonons with certain ranges of frequencies from being transmitted through the material. This property allows it to be used for isolation and noise reduction [4] [5] [6] [7] . Additionally, other potential applications, including sensors and filters, have been found [8] .
Based on the relationship between its bandgap wavelength and lattice constant, a phononic crystal can be divided into two types: the Bragg scattering type and the locally resonant type. For the Bragg scattering type, its bandgap wavelength and lattice constant are of the same order of magnitude [9, 10] .
The property of the vibration bandgap is related to the elastic constants, density, and sound velocity of complex media components, filling fractions of the components as well as the lattice structure and size. The creation of the vibration bandgap occurs due to the difference between the elastic constants of the elements.
As for locally resonant phononic crystals, their properties are determined by the strong resonance of a locally resonant unit. The resonance of a single scattering body is excited by elastic waves of a certain frequency, which then interacts with the incident wave and stops the spreading. The bandgap is dependent on the structure of the scatterer and its interaction with various elastic waves [11, 12] .
Due to the existence of bandgaps, phonons with certain ranges of frequencies can be prevented from transmitting. By appropriately choosing the materials of the phononic crystal, including the scatterer, matrix, and coating, a desired bandgap can be obtained, which implies its potential application in low-frequency noise and vibration control for machinery and equipment.
Experimental

Preparation of Specimen.
In this work, steel and polymethyl methacrylate (PMMA) were chosen to be used to make the phononic crystal beam because of the large differences between their elastic constants. The steel was machined by a lathe into cylinders with diameters of 30 mm and lengths of 50 mm. The PMMA was made into cylinders with diameters of 30 mm and lengths of 25 mm. The specimen of the phononic crystal included six segments of alternating steel and PMMA cylinders with a total length of 450 mm, as shown in Figure 1 . Additionally, silicone was used to glue the cylinders together, followed by room temperature cooling for 12 hours.
Test System and Method.
The excitation and signal acquisition system included a set of exciters, acceleration sensors, power amplifiers analyzers, and the test software. A broadband white noise signal is firstly generated from the signal generator module system and is then amplified by the power amplifier before driving the vibration exciter to generate a corresponding signal. As a result, the vertical vibration bending elastic wave can be excited on the phononic crystal beam. Six acceleration sensors were installed on different vibration signal acquisition positions, as shown in Figure 2 . The acceleration sensors were numbered 1 to 6 and used to detect the acceleration signal when the vibration signal was applied to one end of the phononic crystal beam.
In the experimental setup, as shown in Figure 3 , the specimen was hung with two soft rubber ropes in order to guarantee its free boundary conditions. A noise excitation signal with a frequency range of 0 to 25 kHz was excited on the bottom of one end of the beam, while the acceleration sensors were used to collect the signal for analysis and comparison.
Test Results and Discussion.
The results of the transmission test are shown in Figure 4 with the transmission characteristic curves of Points 1 to 6, as marked in Figure 2 .
As can be seen in Figure 4 , different attenuation levels of the acceleration signal were observed for different points in the entire frequency range. A comparison of the attenuation levels of each point is shown in Table 1 . By comparing the average attenuation values, it could be concluded that the attenuation gradually increased from Point 1 to Point 4, with Point 4 achieving a maximum attenuation of 26.85 dB. For Point 4, the damping characteristics can be seen in the frequency range from 7.1 to 14.2 kHz and from 15 to 24.7 kHz.
Theoretical Analyses
Calculation Using the Lumped Mass
Method. Theoretically, the vibration property of the phononic crystal beam can be calculated. In this work, the lumped mass method was employed to calculate the bandgap by discretizing the continuous medium into elements. As a result, the band structure of the continuous media crystal was obtained by calculating the band structure of the discrete system, which contained several concentrated mass and massless springs as the connections between them [13] .
One-dimensional phononic crystal beams composed of two different materials alternately arranged in the direction were formed, a structural model of which is shown in Figure 5 (a), where represents a unit of phononic crystal beam. Taking one unit as an example, Figure 5 (b) shows the discretion of one unit. According to the idea of the lumped mass method, the continuous medium was divided into a finite number of lumped masses, and the connections between the simplified lumped mass and mass-less spring connection, a unit composed of two materials, were reduced to a finite number of degrees of freedom of spring oscillator structures. One-dimensional phononic crystals can be simplified to an infinite periodic mass-spring structure.
This unit was simplified into a spring oscillator, consisting of a concentrated mass and a spring component [14, 15] . The length of each spring oscillator was denoted as , which was calculated from the ratio of the lattice constant and the number of spring oscillators .
As mentioned in Section 2.1, the lengths of the steel and PMMA cylinders were 0.05 and 0.025 m; thus the lattice constant of each unit of the cylinder was 0.075 m. Detailed performance parameters of the materials are listed in Shock and Vibration Table 2 . For a comparison of band structure, the parameters of aluminum and epoxy are also listed. Assuming the two continuous media are ideal springs that only contain one material with a length of for each discrete element, the structure parameter of a spring oscillator is given by
where is the cross-sectional area of the phononic crystal and is the density of the discrete element. For each half of the discrete element, the normal stresses along the direction and shear stress along the direction are proportional to the strain, which gives
where Δ and Δ are the tensile and shear displacements along the and direction, respectively, and , are the Lame constants of the material. The spring between the adjacent oscillators can be regarded as two springs connected in a series. If the materials between the two adjacent discrete elements are different, the tensile stiffness along the direction and the shear stiffness along the direction can be described as
The unit of a one-dimensional Bragg scatting phononic crystal includes springs from 1 to and spring oscillators connected in a series with a mass from 1 to . In this situation, is used to denote the distance between the spring oscillators. The lattice constant remains unchanged while is the displacement of the corresponding lumped mass.
The longitudinal motion equation of point is given bÿ
According to the Bloch theorem, with a periodic boundary, the particle motion equation is as follows: where is the amplitude, is the angular frequency, ∑ =1 is a phase factor of oscillator , and is the wave vector, whose value is in the first Brillouin zone (− / to / , where is the lattice constant ). By substituting (5), (4) can be simplified into
Due to the spring oscillators being arranged in a periodic way, the equation of the periodic boundary is as follows:
By substituting (7), (6) is expressed in the matrix form as
where 
) .
The spring stiffness is given by
Calculated with the lumped mass method above, the band structure of the phononic crystal of steel and PMMA was as shown in Figure 6 . The bandgap was in the range of 7.0-14.7 kHz and 15.2-24.8 kHz.
In order to investigate the band structures of different materials, the steel and PMMA were replaced with aluminum and epoxy. The parameters of the materials are shown in Table 2 . The two band structures are shown in Figures 7 and  8 . Figure 7 shows the band structure of a one-dimensional beam made of steel and epoxy, whose frequency range of bandgap was from 11.679 to 58.526 kHz. Figure 8 shows the band structure of a one-dimensional beam made of aluminum and epoxy whose frequency range of bandgap was from 2.5 to 6.2 kHz. Therefore, it could be concluded that different frequency ranges of bandgap can be obtained when the materials used to make the beam are different.
Finite Element Calculation.
Commercial finite element software was used to calculate the transmission characteristics to obtain reliable results. The finite element method was also based on the lumped mass algorithm, and it allowed easy calculations for complicated structures.
The geometry of the phononic crystal beam was established using Patran software with a total number of 5760 elements meshed as tria3, as shown in Figure 9 . The beam was assumed to be in a free standing state. The excitation was exerted on one end of the phononic crystal beam in the vertical direction, and the response signal was collected on the other end of the beam. The transmission characteristics of the crystal structure obtained from the MSC Nastran software are shown in Figure 10 .
In Figure 10 , there are two large transmission attenuation regions of frequency at 6.8∼14.2 kHz and 15.8∼25.2 kHz, which correspond to the bandgaps shown in Figure 6 . The results of the finite element calculation of frequency range were the same as the lumped mass methods.
Conclusions
A specimen of a phononic crystal beam was fabricated using steel and PMMA, and the propagation curves of the acceleration response were obtained. As revealed by the experiments, the average attenuation was 26.85 dB. The lumped mass method was also used to calculate the band structures of beams consisting of different materials such as steel-PMMA, steel-epoxy, and aluminum-epoxy. It was discovered that different frequencies of bandgaps could be obtained from beams made of different materials. The bandgap of the phononic crystal beam made of steel and PMMA was calculated using the finite element method, which was consistent with the results from the lumped mass method.
